Marine sediments around volcanic islands contain an archive of volcaniclastic deposits, which can be used to reconstruct the volcanic history of an area. Such records hold many advantages over often incomplete terrestrial data sets. This includes the potential for precise and continuous dating of intervening sediment packages, which allow a correlatable and temporally constrained stratigraphic framework to be constructed across multiple marine sediment cores. Here we discuss a marine record of eruptive and masswasting events spanning 250 ka offshore of Montserrat, using new data from IODP Expedition 340, as well as previously collected cores. By using a combination of high-resolution oxygen isotope stratigraphy, AMS radiocarbon dating, biostratigraphy of foraminifera and calcareous nannofossils, and clast componentry, we identify five major events at Soufriere Hills volcano since 250 ka. Lateral correlations of these events across sediment cores collected offshore of the south and south west of Montserrat have improved our understanding of the timing, extent and associations between events in this area. Correlations reveal that powerful and potentially erosive density-currents traveled at least 33 km offshore and demonstrate that marine deposits, produced by eruption-fed and mass-wasting events on volcanic islands, are heterogeneous in their spatial distribution. Thus, multiple drilling/coring sites are needed to reconstruct the full chronostratigraphy of volcanic islands. This multidisciplinary study will be vital to interpreting the chaotic records of
Introduction
Volcanic islands can be the source of hazardous eruptions and undergo flank collapses that generate offshore debris avalanche deposits and associated tsunamis [Masson et al., 2006] . Deposits derived from a variety of mass-wasting processes, including large landslides, have been identified from a number of volcanic islands, including the Aleutian Islands [Waythomas et al., 2009] , Hawaii [Moore et al., 1994] , Ritter Island, Papua New Guinea [Silver et al., 2005] , the Canary Islands [Hunt et al., 2011] , and Ischia [Chiocci and De Alteriis, 2006] , demonstrating that the interaction of volcanic processes with the marine environment is widespread. It is, therefore, important to understand the chronology of past events at a volcanic island to assess the most likely future hazards, their frequency, and temporal variation in activity. The subaerial record of volcanic activity and collapses can be difficult to decode, due to burial or erosion by later events. Indeed, most of the erupted material at volcanic islands may end up in the ocean [Le Friant et al., 2008 . Volcanic eruptions may deposit volcanic clasts at tens of kilometers offshore by means of density-currents that cross the shore transition [Trofimovs et al., 2006; Allen et al., 2012; Schindlbeck et al., 2013] and/or tephra fallout onto water [Alloway et al., 2007; Lowe, 2011; Construction of volcanic records from marine sediment cores: A review and case study, Earth-Science Reviews (Montserrat, West Indies), submitted, 2014] . Volcanic material may also reach marine sediments through resedimentation by submarine landslides, seafloor-hugging density-currents, vertical density-currents, and suspension settling in the water column [Carey, 1997; Manville and Wilson, 2004; Allen and Freundt, 2006] . Volcanic-rich submarine landslides that mix with seawater generate long runout turbidity currents whose deposits (turbidites) can provide additional insight into how the landslides were emplaced [Hunt et al., 2011 [Hunt et al., , 2013 . Volcanic flank and shelf collapses, mass-wasting events that can be associated with volcanic eruptions, can also create extensive offshore deposits containing large-scale blocks [Moore et al., 1994; Masson et al., 2006; Watt et al., 2012a Watt et al., , 2012b . The marine sedimentary record around volcanic islands thus provides important clues to past volcanic activity and is often easier to date than the terrestrial record because of weaker erosion and intervening intervals of hemipelagite that can be dated using a variety of techniques (oxygen isotope stratigraphy and AMS radiocarbon dating). Here the term density-current deposit is used to describe deposits that have been emplaced by any form of density or turbidity current. The term eruptive fall deposit is used for tephra fallout that has settled through the water column.
There are few volcanic islands for which we have detailed offshore information on event chronology. Arguably, the most complete offshore data set now comes from the island of Montserrat in the Lesser Antilles. This offshore data set complements unusually detailed subaerial observations of the 1995-recent eruption of the Soufriè re Hills volcano [Druitt and Kokelaar, 2002; Wadge et al., 2014] , subsurface magmatic system [e.g., Paulatto et al., 2012] , and older eruption record [Harford et al., 2002; Smith et al., 2007] , thereby providing a benchmark data set for the evolution of a volcanic island.
Previous research offshore Montserrat has been based on 2-D and 3-D seismic data sets [Deplus et al., 2001; Lebas et al., 2011; Watt et al., 2012a Watt et al., , 2012b Crutchley et al., 2013] , repeat multibeam mapping of seafloor bathymetry [Le Friant et al., 2008 Trofimovs et al., 2006 Trofimovs et al., , 2012 , and analysis (Table 1) of short sediment cores [Le Friant et al., 2008; Trofimovs et al., 2010; Cassidy, 2012; Trofimovs et al., 2013; Cassidy et al., 2013 , Cassidy et al., submitted manuscript, 2014 . In 2012, IODP Expedition 340 added to this benchmark data set by successfully recovering long marine sediment cores at three sites (U1394, U1395, and U1396) offshore of Montserrat (Figure 1 ). IODP Site U1396 is situated 33 km to the south west of Montserrat (16 30.49 0 N, 62 27.10 0 W; Figure 1 ) on a topographic high point, 801 mbsl (meters below sea level). Of the three holes cored at Site U1396 (A, B, C), Hole C was the most complete; therefore, we selected this core for high-resolution stratigraphic analysis. Core U1396A was located a few tens of meters away from U1396C and contains similar layers in its uppermost part, allowing correlation of visible layers between U1396A and C. Site U1396 is located away from the expected path of the largest density-current deposits and records a thick sequence of eruptive fall deposit and density-current deposits intercalated with hemipelagic sediments. The unconsolidated nature of the sediments allowed extended piston coring to be used throughout operations at this site, hence the sedimentary record is relatively undisturbed and complete compared to core material recovered by rotary drilling techniques. This site was cored to study eruption records and links between eruptive activity (recorded at Site U1396) and density-current deposits at adjacent Sites U1394 and U1395 (Figure 1 ).
Good core recovery at sites U1394 and U1395, situated within the Bouillante-Montserrat Graben (Figure 1) , only spans 250 ka, because these sites lie in a region of high sedimentation rates and are dominated by density-current deposits [Expedition 340 Scientists, 2012] , including those derived from large submarine Friant et al., 2013] and sites previously studied to the south and south west of Montserrat [Le Friant et al., 2008; Cassidy, 2012; Cassidy et al., 2013 , Cassidy et al., submitted manuscript, 2014 Geochemistry, Geophysics, Geosystems landslides. The presence of large landslide deposits made drilling at these sites difficult, reducing the recovery of material and the drilling depth. Because sites U1394 and U1395 have been subjected to multiple mass-wasting events, they are also likely to contain eroded sections or stratigraphic gaps, which will make it difficult to interpret and date these events. This study, therefore, focuses on the section of Hole U1396C (250 ka, 7 m) that corresponds to the time span of good core recovery at sites U1394 and U1395. The upper 7 m of U1396C was recovered in full and collected within a single, undisturbed core barrel (U1396C, 1H). This site provides a more complete record of events than U1394 and U1395, including marine tephra fall deposits which form widespread stratigraphic markers and intercalated hemipelagic sediments that can be used to produce an age model.
Prior studies of sediment cores from the south and south west of Montserrat also span 250 ka [Le Friant et al., 2008; Trofimovs et al., 2013; Cassidy et al., 2013 , Cassidy et al., submitted manuscript, 2014 . These cores have highlighted the complexity of sedimentation and volcanic history in this area, demonstrating that no single site records a comprehensive chronology during this period. For example, two distal sites previously cored within 15 km of Site U1396 (CAR-MON 2 and JC18-19; Figure 1 ) contain dissimilar records of eruptive events and density-current deposits [Le Friant et al., 2008; Cassidy et al., submitted manuscript, 2014] . Therefore, additional information is necessary to understand the complex history of this area. Here a number of stratigraphic techniques, as well as the identification of distinctive units within the sediments of Site U1396, has allowed the lateral correlation of events to the south and south west of Montserrat [Le Friant et al., 2008; Trofimovs et al., 2006 Trofimovs et al., , 2010 Trofimovs et al., , 2012 Trofimovs et al., , 2013 Cassidy et al., 2013 , Cassidy et al., submitted manuscript, 2014 . This correlation has strengthened the stratigraphy of this area and added a spatial dimension to this data set that will enhance the ability to interpret sites U1394 and U1395 in future research.
The primary goal of this contribution is to establish a robust chronology for the upper 7 m of Site U1396 and to determine the number and ages of visible marine tephra fall deposits and density-current deposits within this interval. The completeness of the record is also assessed by identifying major hiatuses. A secondary goal is to understand the origin of eruptive fall deposits and density-current deposits and the type of event that these deposits record. The chronology of events at Site U1396 is then combined with and compared to previous studies of events during the last 250 ka offshore and onshore Montserrat to improve our understanding of the evolution of this volcanic island.
Methodology
2.1. Core Sampling U1396C was sampled at 5 cm (0.53-1.79 ka) intervals at the Gulf Coast Core Repository, Texas, USA. Samples for stratigraphic analysis were taken from hemipelagic sediment only, avoiding any obvious disturbance from volcanic input. Sample processing for stratigraphic analysis was carried out at Plymouth University, UK, and sample processing for compositional and grain size analysis was carried out at the National Oceanography Centre, Southampton. Samples were dried in a cool oven at 40 C for 24 h prior to processing to facilitate the removal of fine clay particles. Samples were then rehydrated and immediately washed over a 63 lm sieve. Both the <63 and >63 lm fractions were collected, filtered, and dried in a cool oven at 40 C for 24 h.
Oxygen Isotope Stratigraphy
Due to the frequency of density-current and eruptive events recorded at site U1396, oxygen isotope stratigraphy has been chosen as the chief stratigraphic method in this research. Oxygen isotope analyses produce higher resolution dating than biostratigraphy or paleomagnetism during the Pleistocene and can be correlated at a high resolution to global records. Oxygen isotope analyses have been used in combination with AMS radiocarbon dating to identify the magnitude of any hiatuses within the sedimentary record up to the analytical limit of AMS (43.5 ka). Past this age limit, oxygen isotope analyses may not provide sufficient temporal resolution to identify the magnitude of hiatuses; however, it has been possible to identify Marine Isotope Stages (MIS) through comparison to other isotope records from this area. Stable oxygen isotope analysis was carried out at the National Oceanography Centre, Southampton. Twenty specimens of Globigerinoides ruber ( Figure 2) Results are reported as conventional radiocarbon years BP, expressed at the 61r level for overall analytical confidence. The AMS dates for 0.455 and 0.905 m have been calibrated against the Marine13 data set using CALIB 7.0 Radiocarbon Calibration Software, which provides ages between 0 and 46.743 ka at 95% probability (2r). The AMS date for 1.515 m is close to the analytical limit of AMS, thus it is reported as an uncalibrated age of >43.5 ka.
Biostratigraphy
The revised planktic foraminifera biostratigraphy of Wade et al. [2011] , calibrated to the geomagnetic polarity time scale of Cande and Kent [1995] , was followed for this study. All samples were examined for biostratigraphic datum species. For samples showing significant changes in the presence of datum species, a full assemblage of just over 300 specimens was picked from the >150 lm fraction ( Table 2 ).
In addition to planktic foraminifera datum species, the distribution of Globorotalia menardii was used to constrain the stratigraphy of U1396. The zonation of G. menardii provides a record of climatically induced migration events [Ericson and Wollin, 1956; Reid et al., 1996] and has been used previously in sediments offshore of Montserrat [Le Friant et al., 2008; Wall-Palmer, 2013] . Zonal boundaries are defined by points where the abundance of G. menardii drops below, or rises above 1% of the planktic foraminifera content [Le Friant et al., 2008] . For each sample, 300 planktic foraminifera specimens were counted in the >355 lm fraction to calculate the proportion of G. menardii and Globorotalia tumida. It was found that, below this size, specimens of Globorotalia flexuosa were difficult to distinguish from G. tumida. Both G. menardii and G. tumida were counted because their morphology in the Caribbean Sea is very similar and thus difficult to distinguish. Wall-Palmer [2013] showed that combined counts of both species adhere to the zonation published by Le Friant et al. [2008] . Investigation of calcareous nannofossils within the <63 lm sediment of selected samples was carried out using Scanning Electron Microscopy (SEM). Sediment was fixed to metal stubs using a fine layer of spray adhesive, before being sputter-coated with gold. The calcareous nannofossil zonation of Kameo and Bralower [2000] for the Caribbean Sea was used to determine the nannofossil stratigraphy for the core.
Core Logging
The upper 7 m of Hole U1396C consists of hemipelagic sediments interbedded with a number of volcanic and bioclastic layers of variable thickness. Visual core logs and photographs were used to identify tephra layers within this sequence. Cryptotephras, defined as horizons of ash that are not visible to the naked eye because they are too thin and/or have low concentrations of shards [Lowe and Hunt, 2001] , are not part of this analysis. Intervals of hemipelagic sediments, between density current deposits or eruptive fall deposits, were identified visually from an elevated fines and carbonate content, as in preceding studies [Trofimovs et al., 2006 [Trofimovs et al., , 2012 . Shipboard geochemical analysis [Le Friant et al., 2013] found that hemipelagic sediments at Site U1396 contain <72 wt % calcium carbonate, indicating that volcanic material makes up at least 25% of background hemipelagic sediment (siliceous biogenic material comprises <2% of the sediment). This is not uncommon for sediments in areas affected by volcanic activity and has been previously noted offshore Montserrat [Reid et al., 1996] . Additionally, Cassidy et al. (submitted manuscript, 2014) found that volcaniclastic material made up at least 7% of hemipelagic sediment in core JC18-19. This makes the identification of cryptotephra problematic and given these difficulties, the focus of this study is on macroscopic (visible) event deposits, identified from their color and increased volcanic grain fraction (>40%), with all other sediment treated as hemipelagic material.
Grain Size and Component Analysis
Grain size was analyzed throughout the upper 7 m of U1396A using dry nested sieves and laser diffraction. For nested sieve analysis, whole samples were placed in a stack of sieves of mesh sizes ranging from 21.5 to 4 phi (2.8-0.063 mm) at 0.5 phi intervals. The percentage of >63 lm material for each sample was calculated during processing by weighing dried samples before and after washing over a 63 lm sieve. For laserdiffraction analysis, samples were left on a shaking (1) vesicular pumiceous clasts; (2) nonvesiculated andesite; (3) altered lithic clasts; (4) crystal and glass fragments; (5) mafic scoria clasts; and (6) bioclasts, which include calcareous microfossils.
Results

Oxygen Isotope Stratigraphy and AMS Radiocarbon Dates
Despite the fragmented record, the isotope profile for Hole U1396C (Figure 3 ) compares well to published data for this area [Le Friant et al., 2008; Trofimovs et al., 2010 Trofimovs et al., , 2013 , as well as the standard planktic oxygen isotope curve constructed from Imbrie et al. [1984] , Prell et al. [1986] , and Martinson et al. [1987] . Oxygen isotope ratios differ slightly between Hole U1396C and CAR-MON 2, which is likely to be an artifact of differing methodologies. While isotope ratios for Hole U1396C were measured from a single species of planktic foraminifera, isotope ratios for CAR-MON 2 were measured using homogenized <63 lm sediment [Le Friant et al., 2008] , which contains a high proportion of calcareous nannofossils, as well as juvenile planktic and benthic foraminifera. This difference in methodologies has led to a negative offset in the oxygen isotope record of Hole U1396C, although excursions in both cores are generally of the same magnitude and timing. The oxygen isotope record of Hole U1396C is more comparable to the record of site JR123-35V, situated 16 km to the north east of Montserrat. This record was also obtained from homogenized <63 lm sediment , but has comparable values to Hole U1396C ( Figure 3 ).
By comparison to the JR123-35V, CAR-MON 2, and standard planktic records, it has been possible to clearly identify MIS boundaries within the upper 7 m of Hole U1396C ( Figure 3 ). Oxygen isotope stratigraphy indicates that the boundary between MIS 7 and MIS 8 lies at 6.705 m in U1396C, dating the base of the study interval at just over 243 ka. Oxygen isotope stratigraphy and AMS radiocarbon dates indicate large variations in the hemipelagic sedimentation rate at Site U1396, ranging between 2.8 cm ka 21 in the lower part of the 7 m section studied and 9.4 cm ka 21 at the top of the core (Figure 4 ). The sedimentation rate at CAR-MON 2 (average 2.3 cm ka 21 ) is much lower than the sedimentation rate at the top of Hole U1396C, but comparable to the sedimentation rate at 3.7-7 m in Hole U1396C (Figure 4 ). AMS radiocarbon dates indicate an erosive contact at 0.4 m, where 106-357 cm of sediment has potentially been removed, eroding back to 38 6 0.8 ka. This erosion event has removed MIS 1, 2 and part of MIS 3 from the sedimentary record at this site (Figures 3 and 4 ).
Biostratigraphy
The planktic foraminifera assemblage throughout the upper 7 m of U1396C is dominated by the subtropical species Globigerinoides sacculifer, Globigerinoides trilobus, G. ruber, Neogloboquadrina dutertrei, and Globigerinita glutinata ( [Wade et al., 2011] to >250 ka, being present in the sediments at 7.005 m ( Figure 2 ) and deeper [Le Friant et al., 2013] . This is also consistent with the distribution of planktic foraminifera within CAR-MON 2 [Wall-Palmer, 2013] and is known from several other locations [e.g., Chaisson and Pearson, 1997] . Overgrowth was also observed on several specimens of G. calida at 7.005 m in Hole U1396C ( Figure 2 ) as a result of diagenetic processes. The small number of affected specimens, however, may indicate they have been reworked from an older source. This extended occurrence of stratigraphic datum species requires further work throughout the remainder of Hole U1396C. Globorotalia flexuosa is not present within samples from 6.905 to 7.005 m (base of the studied section); however, oxygen isotope stratigraphy suggest that this absence is unlikely to indicate the FO (400 ka), but is rather a response to the environment at the MIS 7/8 boundary. , and a standard planktic oxygen isotope curve constructed from Imbrie et al. [1984] , Prell et al. [1986] , and Martinson et al. [1987] . Figure 3 for key to core lithology.
Geochemistry, Geophysics, Geosystems 5 and 6) . The bioclastic material is dominated by well-preserved planktic foraminifera and holoplanktic gastropods (pteropods and heteropods). The volcanic component of Unit A is dominated by colorless glass and crystal fragments (feldspars, amphibole, and pyroxene). The mean grain size of Unit A is between 2.5 and 3.1 phi and there is no systematic variation in composition and grain size, or vertical grading ( Figure 6 and Table 3 ). Although the grain size distribution of Unit A is comparable to hemipelagite elsewhere in the core, it is relatively depleted in grain sizes of <63 lm. This, along with a sharp basal contact, suggests the unit is not simply hemipelagite. Despite the position of Unit A immediately below the seafloor, geochemical, and biostratigraphical techniques cannot be used to directly date this resedimented deposit, hence the age of Unit A is uncertain. AMS dating at 0.455 m, just below Unit A, produces an age of 38 6 0.8 ka, which indicates that Unit A was emplaced at any time during the last 38 6 0.8 ka. This date also indicates a highly erosional contact at the base of this bed, which has removed MIS 1, 2 and the upper 9 ka of MIS 3 (Figure 3 ) from the sedimentary record. Assuming the range of hemipelagic sedimentation rates of 2.8-9.6 cm ka 21 (Figure 4) , approximately 106-357 cm of sediment has been eroded away. This is a major hiatus in the record of Site U1396 and reveals the potential for further large-scale erosion down-core.
3.3.2. Unit H1 (0.400-1.535 mbsf), 38-49.5 6 1.1 ka Unit H1 is a hemipelagic unit, with abundant planktic foraminifera and holoplanktic gastropods. It is composed of 55-60% bioclastic material and 40-45% volcaniclastic material (Figure 7) , with a mean grain size of 3.3-3.9 phi. Oxygen isotope stratigraphy and AMS radiocarbon dating (0.455 m: 38 6 0.8 ka, 0.905 m: 42.8 6 1.1 ka, 1.515 m: >43.5 ka) indicate that Unit H1 is positioned with MIS 3. The average sedimentation rate (9.4 cm ka 21 ; Figure 4 ) can be used to date this deposit as 38-49.5 6 1.1 ka.
3.3.3. Unit B (1.535-2.040 mbsf), 49.5 6 1.1-71 ka Unit B has a sharp basal surface and is composed of 60-98% volcaniclastic material and 2-40% bioclastic material ( Figures 5 and 7) . The unit comprises two compositionally distinct parts (B1, 1.535-1.700 mbsf and B2, 1.700-2.040 mbsf), both of which are subtly normally graded and generally not well sorted (Table 3 and Figure 7 ). The lower part of the unit (B2) is richer in bioclastic grains, giving it a lighter hue, and sometimes lacks mafic grains (Figure 7) . This bioclastic material includes rare fragments of shallow water benthic foraminifera, suggesting transport from a shallow water area. The upper part of the unit (B1) contains a greater abundance of mafic grains, and fewer bioclastic grains. Holoplanktic gastropod shells are not present within Unit B or any of the sediments below.
The age of this unit is difficult to constrain because the planktic foraminifera within the unit (necessary for oxygen isotope analysis) are all likely to be reworked or resedimented and would not produce an accurate date for the deposit. However, average sedimentation rates and oxygen isotope stratigraphy broadly date Unit B as 49.5 6 1.1-71 ka. 3.3.4. Unit H2 (2.040-2.500 mbsf), 57-71 ka Unit H2 is composed of hemipelagic sediments containing reworked volcanic material. Individual volcanic events cannot be identified within this unit due to a high background content of volcanic clasts. Oxygen isotope stratigraphy indicates that Unit H2 is within MIS 4, which dates the unit as 57-71 ka (Figure 3) .
3.3.5. Unit C (2.500-2.780 mbsf), 57-105 ka Unit C comprises three distinct layers without intervening hemipelagite ( Figures 5 and 8) . The uppermost interval (Unit C1, 2.500-2.650 mbsf) is made up of 30-35% bioclastic material, and 65-70% volcaniclastic material, including abundant pumice clasts (20-25%; Figure 8 ). There is evidence of bioturbation at the top of Unit C1 and a number of planar laminae visible throughout. These structures are highlighted by variations in crystal and pumice content. Unit C2 (2.650-2.690 mbsf) is distinctly coarser than either Units C1 or C3. It is made up of >95% volcanic clasts, including 33% pumice and 54% glass and crystal fragments (Figure 8 ). Unit C3 (2.690-2.780 mbsf) is bioclast-rich, with 60-68% bioclastic material and 32-40% volcaniclastic material (dominantly glass and crystal fragments). The grain size distribution of Unit C3 is comparable to hemipelagite elsewhere in the core, but is relatively depleted in grain sizes of <63 lm. Unit C3 does not have a distinct base, and it grades into underlying hemipelagite within H3.
Oxygen isotope stratigraphy of overlying and underlying hemipelagic sediment suggest that Unit C was deposited during the transition from MIS 5 to MIS 4, more accurately, between MIS 5.4 and the MIS 3/4 boundary, giving an age of 57-109 ka. The base of Unit C3 can be dated as 105 ka using the average sedimentation rate (2.8 cm ka 21 ) of hemipelagite above MIS 5.4, constraining the age of Unit C as 57-105 ka.
3.3.6. Unit H3 (2.780-3.705 mbsf), 71-130 ka Unit H3 is composed of hemipelagic sediment with abundant planktic foraminifera. Some color variations can be seen within the unit. Oxygen isotope stratigraphy indicates that Unit H3 is within MIS 5, with MIS 5.5 (123 ka) present at 3.305 m and the MIS 5/6 boundary below Unit H3 (Figure 3) . This dates the deposit to 71-130 ka, with 123 ka at 3.305 m. Although volcanic material was not visible as macroscopic layers within Unit H3, or identified during micropaleontological analysis, oxygen isotope data suggest a high sedimentation rate between MIS 5.5 and the MIS 5/6 boundary (Figure 4 ). This may indicate the presence of cryptotephras with Unit H3.
3.3.7. Unit D (3.705-3.835 mbsf), 123-140 ka (130 ka) Unit D is made up of >95% volcaniclastic material, including 60% glass and crystal fragments, 25% pumice, and 5% mafic material ( Figures 5 and 9 ). It is normally graded (Figure 9 ) with some evidence of bioturbation at the top and is capped by a fine mud. The age of Unit D is relatively well constrained to be between MIS 5.5 (123 ka) in H3 and MIS 6.4 (140 ka) in H4. Unit D appears to directly overlie the MIS 5/6 boundary at 130 ka, dating the unit as 130 ka.
3.3.8. Unit H4 (3.835-7.000 mbsf), 130-250 ka The upper part of Unit H4 (3.835-4.550 m) is composed of hemipelagic sediment with abundant planktic foraminifera. The middle part of H4 (4.550-5.590 m) is composed of hemipelagic sediment with more abundant volcanic clasts. Intense bioturbation has reworked the volcanic material, making it impossible to identify individual events. The lower part of Unit H4 (5.590-7.000 m) is composed of Table 3 . Inman Sorting Coefficients [Inman, 1952] for All Samples Analyzed for Clast Componentry Sample Sample Number (Figures 6-9 ) phi 16 phi 84
Inman Sorting Coefficient 96A1H1W27/27.5 1 5.5 1.5 2 96A1H1W3/3.5 2 5.5 1.5 2 96A1H1W9/9.5 3 5.5 1.5 2 96A1H1W15/15.5 4 5.5 1.5 2 96A1H1W21/21.5 5 5.5 1.5 2 96A1H1W32/32.5 6 5.5 0.5 2.5 96A1H1W38/38.5 7 5.5 0.5 2.5 96A1H1W45/46 8 6.5 1.5 2.5 96A1H1W90/91 9 7.5 1.5 3 96A1H2W1.5/2.5 10 7.5 2.5 2.5 96A1H2W28/28.5 11 3.5 0.5 1.5 96A1H2W34/34.5 12 3.5 1.5 1 96A1H2W38.5/39 13 6.5 2.5 2 96A1H2W41/41.5 14 4.5 1.5 1.5 96A1H2W46/46.5 15 3.5 1.5 1 96A1H2W52/53 16 6.5 2.5 2 96A1H2W98/99 17 6.5 2.5 2 96A1H2W110/110.5 18 2.5 0.5 1 96A1H2W113/113.5 19 3.5 0.5 1.5 96A1H2W113/114 20 2.5 0.5 1 Geochemistry, Geophysics, Geosystems Because aragonitic holoplanktic gastropods are abundant throughout CAR-MON 2, which was collected at 1102 mbsl, their absence in U1396C and JC18-19 cannot be due to aragonite dissolution, because Site U1396C is situated in shallower water. This suggests that winnowing from strong currents has also removed the less dense holoplanktic gastropods. Evidence for winnowing is further supported by differences in grain size between the two sites. In general, samples from Site U1396 contain a higher percentage of coarse (>63 lm) sediment than CAR-MON 2, suggesting that fine sediment has been removed from Site U1396 (Figure 3) . Some CAR-MON 2 sediments contain a high proportion of coarse material; however, upon further investigation, it is apparent that this coarse material is made up of large planktic foraminifera and holoplanktic gastropods and is thus, not directly comparable to the coarse sediment in Hole U1396C. These observations strongly suggest that parts of the sedimentary record at Site U1396 were affected by strong bottom water currents, potentially modifying their grain size distribution and bed thickness. Winnowing has not previously been noticed in sediments offshore Montserrat, so further investigation is required to understand whether these currents are related to the proximity of gullies and other topographic features. The position and extent of such currents may help to determine future sampling sites in this area.
Distinguishing Eruptive Fall Deposits From Density-Current Deposits
The depositional mechanisms of volcaniclastic material in marine sediments are often ambiguous, making it difficult to distinguish between eruption fall deposits and density-current deposits [Manville and Wilson, 2004] . Settling through the water column, bioturbation and the influence of bottom currents can all affect the sorting, grading, and componentry characteristics of fall deposits, which result in similarities to volcaniclast-rich density-current deposits [Carey, 1997; Manville and Wilson, 2004] . Thus, there remain ambiguities to deposit interpretation which even detailed investigations of grain morphology or petrological characteristics may not fully resolve. However, in spite of these caveats, we observe two broad deposit types that can be differentiated in terms of their bioclastic component and, to a lesser degree, their sorting. We interpret deposits with fewer than 5% bioclasts, which are relatively well sorted, tend to have a sharp base, but lack evidence for basal erosion and internal tractional structures, as most likely to derive from eruption fallout. All other units rich in volcanic clasts (41-95%), with abundant bioclasts (5-59%), which often display tractional structures and erosive boundaries, are interpreted as most likely representing seafloor-hugging density-currents derived from other processes, which may still represent volcanic events (e.g., entry of pyroclastic densitycurrents to the marine environment). Following this criteria, we recognize five density-current deposits (Units A, B1, B2, C1, and C3), one fall deposit (C2), and one unit which is difficult to interpret (D) within Hole U1396C. As outlined above, we reiterate that these criteria remain interpretations, and are not fully conclusive.
Geochemistry, Geophysics, Geosystems Figures 10 and 11 ). This is unexpected because Site U1396 lies directly between Soufrière Hills and CAR-MON 2, implying that any sediment input from Soufrière Hills (airborne or watertransported) reaching CAR-MON 2 passed straight over Site U1396. It is likely that volcanic material from this activity was initially deposited at Site U1396, but was subsequently partially bioturbated to leave cryptotephras that cannot be seen by the naked eye. Intense bioturbation was identified in CAR-MON 2 between 162 and 175 ka and corresponding bioturbation was also observed in Hole U1396C. It can be assumed that eruptive fall deposits and density-current deposits at Site U1396 from 147 ka to 250 ka were smaller in scale than during some later time periods or that material from these events did not reach Site U1396.
4.3.2.
Overlapping Activity Soufriè re Hills and South Soufriè re Hills 124-147 ka During this period, distal sites U1396C, CAR-MON 2, and JC18-19 preserve volcanic material from the Soufriè re Hills, intercalated with distinctive mafic clasts, consistent with the composition of subaerial material from the South Soufrière Hills volcanic center [Harford et al., 2002; Le Friant et al., 2008; Cassidy 2012; Cassidy et al., 2014] . At 130 ka, Hole U1396C records this activity as a single, glass, and crystal-rich layer (Unit D), with a low proportion of mafic material. This unit shows characteristics of both an eruptive fall deposit and a density-current deposit, hence the depositional process could not be interpreted. At 130 ka a similar glass and crystal-rich volcanic layer with a low proportion of mafic material is recorded within JC18-19 [Cassidy, 2012] and a number of mafic-rich volcanic deposits are also preserved within CAR-MON 2 at 124-147 ka [Le Friant et al., 2008] . These deposits correlate both in timing and composition with the overlapping Soufrière Hills and South Soufriè re Hills eruptive activity. Subaerial South Soufriè re Hills deposits have been Ar-Ar dated as 128-131 ka [Harford et al., 2002] . The depositional processes of these units are unclear and may represent reworked marine tephra fall deposits or the distal toes of large-scale density-current deposits (Deposit 2; Figure 1 ) that have been linked to this period of activity [Lebas et al., 2011; Watt et al., 2012a Watt et al., , 2012b . quiescent period, a number of flank collapses to the south of Montserrat caused subaerial South Soufriè re Hills deposits to enter the proximal waters as density-currents [Cassidy et al., 2014] . This distinctive, maficrich material is recorded in all of the south and south west JR123 cores (except JR123-3, which is too shallow; Figure 10 ), as well as along the Bouillante-Montserrat Graben, to the south east . These collapse deposits have been dated at 103-110 ka and occurred in stages, as indicated by a gap of 2 ka between an upper and lower deposit [Cassidy et al., 2014] . The collapse deposits may also be associated with Deposit 3 (Figure 1) , a major (1.3 km 3 ) blocky debris avalanche deposit identified by seismic surveys to the south of Montserrat [Le Friant et al., 2004; Lebas et al., 2011; Watt et al., 2012b] . Such a large-scale collapse and the resulting density-current is likely to have reached Site U1396C. The timing of Unit C3 (105 ka) coincides with the large-scale collapses, but is relatively lacking in mafic clasts when compared to the mafic-rich units identified in the JR123 cores. However, the long distance traveled by this density-current would have increased the bioclastic content of the deposit, and flow processes may have caused progressive loss of denser mafic grains with distance from shore. Thus, Unit C3 may be related to Deposit 3 (Figures 10 and 11) .
4.3.4. Heightened Activity of Soufriè re Hills 75 6 10 ka At this time, many of the sites to the south and south west of Montserrat indicate strong eruptive activity from Soufriè re Hills, with subsequent volcanic collapses (Figures 10 and 11) . At Site U1396, the lack of hemipelagic material between units C1 and C3 suggest that mass flows occurred immediately prior to and following eruptive activity at 105 ka. However, it is also possible that these events occurred independently of each other and that erosion has removed any original intervening hemipelagic sediment. Marine tephra fallout within Unit C2 is rich in glass and crystal fragments and comparable to the composition of a marine tephra layer within CAR-MON 2, dated at 77 ka ( Figure 10 ) and similar deposits within JC18-19 and JR123-2 [Le Friant et al., 2008; Cassidy, 2012] , as well as within the subaerial record [Harford et al., 2002] . Harford et al. [2002] Ar-Ar dated this event in the subaerial record at 75 6 10 ka. The spatial extent of this deposit suggests a major explosive eruption. This activity was closely followed by deposition from a stratified volcaniclastic density-current deposit, shown by the internal laminations and flow structures within Hole U1396C (Unit C1) and JR123-1 and 2. This unit was described by Cassidy [2012] as being deposited by a lowconcentration turbidity current with similar components and clast morphologies to lahar deposits from the Belham River Valley, to the west of Montserrat (Figure 1) . The geographical position of Site U1396, JC18-19, JR123-1 and 2 supports this source for the density-current deposit (Figure 1) . This density-current potentially reached CAR-MON 2, in which reworked volcaniclastic material directly overlies the 77 ka event [Le Friant et al., 2008] .
Mafic and Bioclast-Rich Density-Currents From Shallow Waters 30-50 ka
This period represents an episode of strong sedimentation by density-currents, incorporating material from both Soufriè re Hills and South Soufrière Hills, as recorded at Hole U1396C (49.5 6 1.1 ka, Unit B; Figure 10 ). These events are preserved as mixed bioclast-rich volcaniclastic deposits, containing mafic material and occurring in more than one stage. Fossils of shallow water organisms within this deposit suggest that material was transported through the island shelf. Unit B1 also contains pods of distinctive mafic scoria clasts and differs from the overlying sediment by the absence of holoplanktic gastropods. A comparable deposit, containing mafic clasts and marking the disappearance of holoplanktic gastropods has been described in JC18-19 (Cassidy et al., submitted manuscript, 2014) . In common with Site U1396, AMS dating of JC18-19 suggests that this was a period of high sedimentation rates ( Figure 10 ) with a number of deposits preserved from 40.5 6 1.1 to 42.1 6 0.8 [Cassidy, 2012] . At JR123-2 and 3, similar bioclastic and volcanic clast-rich deposits containing mafic material have been described by Cassidy et al. [2013] as the relatively small (0.3 km 3 ) submarine landslide identified as Deposit 5 (Figure 1) by Lebas et al. [2011] . However, Cassidy et al. [2013] suggest that this deposit was associated with, and is of a similar age to, a high-energy density-current deposit dated as 8-12 ka which is positioned directly above (JR123-2 and 3; Figure 10 ). The lack of intervening hemipelagic sediment between the two deposits in JR123-2 and 3 means that accurate AMS dating of the lower unit (Deposit 5) is not possible. Several depositional scenarios were presented by Cassidy et al. [2013] , all of which indicating that the two deposits are of a similar age. However, it is also possible that the underlying Deposit 5 was emplaced much earlier (43 ka; Figure 10 ) and that the more recent 8-12 ka density-current eroded into it later. This is not unlikely because the 8-12 ka event was highly erosive. It is, therefore, possible that Deposit 5 is associated with the bioclast-rich volcaniclastic deposits at sites U1396 and JC18-19. The source of mafic material within these multistage density current deposits may Geochemistry, Geophysics, Geosystems Figure 10 . Stratigraphic logs for cores recovered from the south and south west of Montserrat with correlated events. Inset map shows the geographical positions of coring sites. Partially modified from Le Friant et al. [2008] , Cassidy [2012] , Trofimovs et al. [2013] , Cassidy et al. [2013 , Cassidy et al., submitted manuscript, 2014 .
Geochemistry, Geophysics, Geosystems (transportation by density-currents), or by winnowing by strong currents. Although winnowing of the sediment by bottom water currents, which could remove fine material, has been detected in Hole U1396C, the abundant holoplanktic gastropods within Unit A indicate that winnowing has not affected this deposit. In addition, the lack of internal structures within Unit A indicates that it was deposited by a single event. Therefore, Unit A was most likely produced by the resuspension or resedimentation of material, leading to two hypotheses.
The Origin of Unit A 0-12 ka
The first hypothesis is that Unit A is was formed by a low-density submarine current (or submarine-surge) originating from a pyroclastic flow and associated with the 8-12 ka event. In this scenario, submarine surge from the 8-12 ka density-current eroded deeply into the sediment surface at Site U1396, resuspending bioclast-rich sediments, which then settled back on top, forming Unit A. This is a feasible mechanism for deposition. However, the average sedimentation rate at this site suggests that 22-32 cm of hemipelagic drape should lie above Unit A. The lack of this drape is not an artifact of coring, because deposits similar to Unit A, with no overlying drape, have recently been collected by multicoring (that captures the sedimentwater interface) in the same topographically high area during the JC83 cruise. Rather, the lack of drape may be explained by increased intensity of bottom water currents following the deposition of Unit A, which Figure 11 . Comparison of dated subaerial sequences of Soufriè re Hills and South Soufriè re Hills [Harford et al., 2002; Smith et al., 2007] , tephrochronology from the south east offshore of Montserrat and from the south west offshore of Montserrat [Le Friant et al., 2008; Cassidy et al., 2013 , also Cassidy et al., submitted manuscript, 2014 , including the tephrochronology from this study. Average global sea level curve from Lea et al. [2002] .
Geochemistry, Geophysics, Geosystems 10.1002/2014GC005402 would have constantly mixed or removed the hemipelagic drape. However, it is expected that this scenario would still lead to some buildup of drape above Unit A.
A second hypothesis for the origin of Unit A is that it formed more recently by density-currents produced by the ongoing eruptive activity of Soufriè re Hills. The series of major recent eruptions of Soufriè re Hills may have been capable of eroding hemipelagic drape at Site U1396 back to the 8-12 ka erosional surface, and potentially eroding further into the sedimentary record and finally depositing the bioclast-rich layer, Unit A. These events potentially include a particularly violent pyroclastic surge following failure of a crater rim on Boxing Day 1997 . Such recent, large-scale erosion has been observed at proximal sites within the Bouillante-Montserrat Graben . However, if this mechanism produced Unit A, similar erosion and bioclast-rich deposits would be expected at other sites around Site U1396, in particular JC18-19. Therefore, no hypothesis satisfactorily explains all of the observations, and Unit A is likely to have been produced by a combination of factors. Further analysis of newly collected material (JC83) may provide more clues to the mechanisms of deposition.
Association Between Eruptive Activity and Collapses to the South and South West
Although two of the four volcaniclastic units within Hole U1396C suggest multistage events, there is not a clear link between periods of eruptive activity and the occurrence of shelf collapses and initiation of densitycurrents ( Figures 10 and 11) . A single density-current deposit within Hole U1396C does, however, appear to be associated with eruptive activity. Unit C preserves a single marine tephra layer interbedded between bioclast-rich volcaniclastic density-current deposits, with no hemipelagic sediment in between. This may suggest that the collapse and resulting density-current occurred in immediate association with the eruption. However, complicated sedimentation processes at Site U1396 also mean that this association may have been artificially produced by winnowing and erosion. Recent activity of the Soufrière Hills volcano has shown that eruptive activity can directly produce density-current deposits . The eruptive activity at 8-12 ka is closely connected to a powerful density-current, which caused large-scale erosion, demonstrating this association. However, not all eruptions generate widespread fall deposits, and some fallout may be preserved as cryptotephras; therefore, associations between eruptive activity and density-current deposits can be difficult to identify. Only core JC18-19 has been investigated for cryptotephra layers, and hence a number of volcanic events may be present within previously studied cores, but have not been identified. Thus, improvements in the detection of these volcanic events may yet reveal a more robust association between eruptive and density current activity.
To the south east of Montserrat, within the Bouillante-Montserrat Graben, Trofimovs et al. [2013] found that the initiation of submarine landslides through volcano flank and carbonate shelf collapses, was not dependent on contemporaneous eruptions. Trofimovs et al. [2013] suggested that other factors triggered these events, such as seismic activity, sea level fluctuations and climate-induced sediment loading on submarine shelves. A tentative correlation can be made between more vigorous activity on Montserrat and changes in global (eustatic) sea level and climate ( Figure 11 ). More frequent events are recorded at Site U1396 during transitions between MIS, which indicate changes in sea level (Figure 11 ). If this association is correct, then it has important implications for hazard prediction. However, the current sedimentary record offshore of Montserrat only extends through two major climate cycles and local tectonic uplift or subsidence may have modified the pattern of sea level recorded in this area. In addition, complicated sedimentary processes mean it is not possible to calculate the exact timing of units B and C, thus their association to MIS transitions is not fully understood. A more rigorous statistical analysis and more precise dating would be needed to establish firm links between clusters of events and eustatic sea level.
Conclusions
The high-resolution biostratigraphy, geochemistry, and component analyses of the upper 250 ka of IODP Site U1396 south west offshore Montserrat, Lesser Antilles has enabled us to draw together data from previous studies, identifying the timing of, and potential associations between, events in this area. This study identifies correlations between proximal and distal sites that reveal the spatial extent of large-scale densitycurrent and eruptive fall deposits, further improving our understanding of this large data set.
Five periods of heightened activity were identified at Site U1396 at <12, 49.5 6 1.1, 57-105 (75 6 10), 105, and 130 ka. In contrast to CAR-MON 2, the majority of units within Hole U1396C were interpreted Geochemistry, Geophysics, Geosystems 10.1002/2014GC005402 as density-current deposits (A, B, C1, and C3), and only a single visible eruptive fall deposit was identified (C2, potentially also D). Clast componentry permitted the correlation of most of these deposits laterally across previously studied sites, considerably extending their known range. However, a single, coarse, thick, bioclast-rich deposit (Unit A) positioned just below the seafloor has never been described from offshore of Montserrat. The depositional processes of this unit could not be interpreted here, and it is hoped that future research upon short cores (JC83), recently collected close to Site U1396, may help us to interpret the origin of this distinct unit. This study has revealed that a large-scale erosional event, thought to have occurred at 8-12 ka and previously identified within proximal cores, also reached site U1396 and was powerful enough to erode up to 357 cm of sediment 33 km offshore. This has important implications for future stratigraphy at distal sites and for hazard prediction.
A further important finding of this study is the recognition of disruptive effects from localized bottom water currents at Site U1396 and JC18-19. Bottom water currents generated a reduction in the number of holoplanktic gastropods in areas unaffected by dissolution (and where they are otherwise abundant) and modified the overall grain size distribution to coarser values, compared to other offshore sites. The position and extent of such bottom water currents have important implications for future study sites and should be investigated further.
This study demonstrates that multiple cores, and IODP cores in particular, greatly aid detailed interpretations of the chronostratigraphy in complex environments. Our robust stratigraphy at Site U1396 identified critical data to assess the relationship between eruptive activity and volcanic collapse events, which can be further explored by ongoing research on sites drilled during IODP Expedition 340. Montserrat now provides one of the most detailed field data sets available for reconstructing long-term evolution of a volcanic island, from both offshore and terrestrial deposits. The chronostratigraphy of IODP Site U1396 presented here now forms an important part of this data set.
